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FOREWORD 


The  Fairchild  Hiller  Corporation  and  Princeton  University 
ara  daaply  appreciative  of  having  had  the  opportunity  to  parti¬ 
cipate  with  NASA  personnel  In  the  full  scale  wind  tunnel  testing 
of  the  Princeton  Sail wing  Concept.  Particular  thanks  are 
extended  to  the  NASA  full  scale  tunnel  group,  ARPA  and  the  Air 
Force  Systems  Cowand.  Without  the  excellent  cooperation  of 
these  three  groups  it  would  have  not  been  possible  to  accomplish 
this  happy  task. 
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SUMMARY 


The  results,  anslysis  end  conclusions  drawn  trom  a  full 
scale  wind  tunnel  lnvaatlgation  of  two  Ballvings  of  dlffarant 
aspect  ratio  are  presented.  One  .aodel  la  of  a  complete  Sail* 
wing  airplane  incorporating  an  aspect  ratio  11.5  wing  while  the 
other  Is  a  wing-alone  rig  of  aspect  ratio  of  5.92. 

Results  show  both  wings  to  have  high  values  of  Cl  max  and 
L/D  mix  equaling  or  exceeding  comparative  values  for  conventional 
wings  and  greatly  exceeding  ether  flexible  wings  insofar  as  lift/ 
drag  ratios  are  concerned. 

Adequate  lateral  control  with  low  stick  forces  are  shown  to 
exist  by  means  of  wing  warping.  Very  high  values  of  stick  fixed 
longitudinal  stability  are  indicated.  Stall  characteristics  are 
unusually  gentle  and  the  initially  steep  lift  curve  slope  de¬ 
creases  in  a  gradual  manner  over  a  wide  range  of  angles  of  attack 
indicating  the  possibility  of  smooth  normal  flight  in  gusty 
weather.  The  dominant  aerodynamic  characteristics  of  the  wing 
appears  invariant  with  dynemic  pressure  for  the  range  of  q's 
tested  and  the  repeatability  of  the  test  results  appears  good. 

Both  lift  and  pitching  moment  curves  pass  through  zero  lift 
angles  without  discontinuity  orother  adverse  effects.  Properly 
rigged  sailvlngs  display  no  Berlous  flutter,  luffing  or  other  sail 
misbehavior  at  any  angle  of  attack  tested.  Internal  and  external 
structural  loads  appear  to  be  less  than  anticipated  and  easily 
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within  the  limits  ot'  the  simple  type  structures  contemplated 
for  the  wing.  Dacron  Sailcloth  seems  to  be,  at  least  for  presently 
anticipated  applications,  completely  sdequsto,  however  little  la 
known  of  ita  aging  characteristic*.  Lateral  stability  for  the 
case  of  aero  dihedral  angle  appears  slightly  positive. 
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A.  General  Background 

The  Princet.cn  Sailwlr.g  while  old  in  concept  (approxluia  I  ely 
fifteen  years)  is  rather  new  insofar  as  relatively  little  of  its 
behavior  has  been  thoroughly  understood.  Ke< nut  experiments 
conducted  in  the  full  scale  wind  tunm  »  at  the  NASA  Langley 
Research  Center  hove,  however,  revealed  s  considerable  amount 
of  new  information  about  this  highly  unconventional  wing  - 
particularly  so  in  regard  to  the-  limits  oi  its  performance  and 
stability  characteristics. 

Early  work  at  Princeton  University  v.'.a  necessarily  con¬ 
fined  to  the  examination  oi  only  discreet  portions  of  the  device 'o 
overall  performance  and  many  deductions  were  mode  based  upon  j 

these  findings  and  upon  theoretical  predictions  oi  the  behavior 
of  an  optimized  sail  wing.  The  veil  lor  may  yearn,  while  a  j 

serious  sclcntii ic  pursuit,  w;r.  coni  tried  to  a  '’hubby''  status 
and  was,  during  this  stage,  completely  unsuppoi ted  financially. 

In  1959  as  part  of  the  Prince ton-TKEGOM  Al.AKT  Rest  arch 
program  a  modest  amount,  of  sponsored  wo;!  was  begun  with  the  wing. 

In  subsequent  years  Princeton  I'nlvei sit y ,  and  pore  recently 
Fairchi  ld-Hi  1  ler ,  sponsorship  has  •uade  it  pounll.lc  fc;  i  small 
group  of  graduate  students  t  o  pa rt  ic  iest  r  ir.  a  t  i  fi.u  effort  (cud 
also  on  an  individual  basis)  lc-  aystcniniit  a!  ly  oiudy  the.  ;uil! 
wing's  many  epecial  character  La -ics .  The  vork  hep  been  both 
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experimental  auJ  theoretical  end  lias  not  been  vl  lily  published. 
While  on  two  occasions  lluie  have  been  iiui&nzinc  articles  reporting 
the  progress  of  the  work,  every  effort  has  been  made  over  the 
year*  to  s/old  publicity  of  any  type.  This  has  been  done  because 
the  extreme  structural  simplicity  of  the  sal  King  might  pre¬ 
maturely  excite  tire  interest  of  the  arrateur  constructor  to  attempt 
to  rly  with  a  device  not  Lnorotighly  understood  even  by  Its 
or  iglna tora . 

B.  Technical  Background 

The  Princeton  Sailwing  Is,  in  concept,  a  single  spar  leading 
edge  with  a  rigid  tip  and  a  wire  cable  trailing  edge.  About  this 
rtructure  a  "double  sheeted"  sail  is  wtupped  and  laced  to  the 
tvalling  edge  cable.  The  sail  is  designed  to  have  a  catenary 
curve  along  the  trailing  edge  so  that  when  tauily  laced  to  the 
cable  a  chordvlse  tension  is  produced  in  tbe  sail.  Tills  is  sche¬ 
matically  shown  In  Figure  1.  Also  shown  in  Figure  1  are  typical 
loaded  and  unloaded  profiles  of  ihe  flailwing.  The  device  is 
described  in  some  detail  in  Reference  1.  this  Reference  also 
points  out  some  of  the  unique  character  1 jt tes  of  I  lie  sailwing 
as  understood  at  the  time  of  piblicatior.  and  lovus  some  of  the 
subtleties  associated  with  the  techniques  of  rigging  the  wing. 

Following  the  initial  work  reported  in  kclctcncc  1  it  was 
decided  to  undertake  an  analysis  of  the  catenary  and  trailing 
edge  tensions  required  to  produce,  as  closely  as  possible, 
an  elliptical  span  lift  distribution.  Reference  2  reports 
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tills  WuL  k  a  II  >1  |ti  li  I  ,  :h  i  i  -Mi  '<t  b  a .  <J  It  II.,'  "'ll"  '-'.'l  k  '!  1 

Reference  Z  .  1  >  -  - :  » =  •  i,  lit .  b  |  t  i  lud  uji  Hi  t.  I  ..  ’'Ii  a  ltd  flight 

flullwing  glidv.i  uhj  in  j  I 1  c.uiv  wil  d  l it  i  u  i;  »  showed  cl  oss 

agreement  with  theory  ini.'lar  *b  the  de  i  o  l  no.  ti  ol  the  wing 

under  load  til  c  loncetn-d  Ihe  wind  t  nunc  )  w  .  i  h  i»i.  luted  ouL 
for  the  f  i  1st  l  line  some  ol  the  unique  lilt  ui.-i  •!  ihtllty  cluirac- 
tcrlstles  of  the  device.  A  photograph  i  t  this  first  fic.o  flight 
model  (Sailwing  1)  e>t  12  t.cct  In  span  i  a  ehov..  in  Figwc  2. 

Following  ih Is  woik  It  was  wedded  i'.jt  icoll.  tir  experi¬ 
ments  rould  only  be  conduc t  d  It  the  mode  )  via  i.cat  full  scale. 
This  decision  vac  bused  upon  the  difficulty  ot  real  lug  the 
flexible  propeilUs  ol  llie  tail  and  to  ti  e...  i,.Ui;t  li  e  u  rule 
Introduced  by  "out  ot  ecalt''  porosity  of  the  tu,i  !  o'  this 

reason  Sallwlng  II  i;nii  const;  uctcd  (see  Figure  d)  This  Is  a 

30  ft.  spat,  craft  c.i|dl  1c  of  carrying  a  pilot  in  r.T.w.-y  skimming 
flights.  A  great  deal  of  prsitlcal  e:\peili.nce  w-  s  ...  i  ul  a  ted 
with  thib  towed  glldci  ••  particularly  In  ltb  > .:  I .  c<  n  f  i  gm  a  t  Ions 
which  resulted  In  SulKlngn  IV  and  V.  ItoWe'-1.  •  ,  pi  lor  In  ihe'Se 
Bubseauent  iroditlcai  ions  Sallwlng  111  wo  a  uii:;,iuu  lu!  There 
were  two  purposes  fot  this  i.uhlne;  first,  .is  .  '.i  l  i  go  a  t  i  on 
was  closely  akin  to  the  mlnlmr.i  al'plane  a:.  |i.vicii.;l,  designed 
by  the  Pctneeton  group  cud  it  was  fell  thol  ti.^  t  i  u  at '  a '.  l  on  of 
this  design  into  liuiuwjtt  would  piovide  a  t-.i c k(, .  i-muJ  inward  the 
goal  of  a  truly  useful  w!  ui-..  w  ciiccait.  Ihe  se.oid  rcubon  for 
Sailwlrtg  III  was  to  gain  some  flight  experience  with  a  coulrol- 
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lable  sallwing.  Although  much  had  been  learned  tioti  flights  of 
Sailwing  II,  adeq.-.-ii,.  l-u-isl  cunttol  hud  not  kta  achieved. 
Rather  than  hold  up  other  important  studies  and  possibilities  of 
application.  of  the  wing  It  was  decided  to  equip  Sailwing  III  with 
acre  or  less  conventional  aileron*.  This  waa  ac< oo.pl i shed  by 
making  the  inboard  two  thirds  of  the  span  a  sail  wing  with  the 
outboard  sections  of  conventional  construction.  Thin  craft  Is 
shown  In  Figure  4.  It  will  be  noted  that  it  Is  also  a  single 
place  machine  powered  with  a  45  HF  Neleon  engine.  The  span  of 
this  craft  la  24  feet  and  Its  performance  and  control  proved  to 
be  most  satisfactory.  It  possesses  a  true  STOL  capability  and 
continues  to  exist  as  a  valuable  research  airplane.  It  was, 
however,  not  a  true  sallwing  by  virtue  of  the  conventional  tips 
and  ailerons. 

During  this  period  a  parallel  program  waa  undertaken  aimed 
at  optimizing  the  performance  of  the  sallwing.  The  approach  was 
both  experimental  and  theoretical  and  was  essentially  aimed  at 
combining  the.  span  camber  distribution  with  the  span  angle  of 
attach  distribution  to  yield  an  elliptical  span  lift  distribution. 
An  Intensive  two-dimensional  wind  tunnel  study  was  a  vital  part 
of  this  work  in  that  It  orovided  a  ba&is  for  an  analytical  inte¬ 
gration  ot  sectional  data  Into  the  three-dimensional  wing.  This 
work  is  reported  in  Reference  2.  An  extension  ot  this  research 
looking  into  the  effect  of  a  multipoint  bridle  system  un  the  L/D 
of  the  optimized  sallwing  la  reported  in  Reference  3. 
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As  a  result  of  many  lateral  control  experiments  conducted 
with  the  Sflilwing  II  glider  (and  also  as  a  result  of  a  rigorous 
analysis  of  several  systems)  It  was  decided  to  modify  tha  craft 
to  Include  a  wing  warping  system  for  control  and  to  power  the 
machine  to  eliminate  the  need  tor  a  tov  vehicle  end  the  accompa- 
nylng  hazards.  This  resulted  In  Sailwing  IV  ehown  in  Figure  5. 
More  than  seventy-five  flights  were  made  during  this  program 
each  one  an  experiment  looking  into  one  or  another  obacure  point 
of  lateral  control  and  stability,  Thia  work  is  reported  In 
Reference  4.  Following  the  successful  completion  of  the  lateral 
control  program  the  craft  was  immediately  re -Instrumented  for  a 
series  of  performance  flight  tests.  Of  particular  interest  was 
the  maximum  values  of  L/D  attainable  in  free  flight,  (aee 
Reference  5) .  At  the  conclusion  of  this  program  more  than  two 
hundred  flights  had  been  made  with  the  airplane  yielding  valuable 
experiences  In  addition  to  the  measurements  made. 

Very  fortunately  for  the  sailwing  effort  some  interest  in 
the  device  was  displayed  by  ARPA,  NASA  Langley  Research  Center, 
and  AFSC.  This  led  to  an  agreement  between  those  organizations 
and  the  Fairchild-Hiller  Corporation  (with  Princeton  University 
technical  support)  to  examine  in  as  much  detail  as  possible  the 
over-all  performance,  stability  and  control  envelope  of  the 
concept  In  the  full  scale  wind  tunnel  at  Langley  Field.  The 
most  recent  flight  article  (Sailwing  IV)  was  chosen  as  the  basis 
for  the  wind  tunnel  c.odel  and  substantial  modifications  were 
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made  to  the  craft  for  this  purpose.  The-  i  t-sul  ting  airplane 
designated  Sailwing  V  is  shewn  In  Figure  6.  It  will  be  noted 
that  the  major  modifications  occurred  to  the  fuselage  in  an 
effort  to  reduce  the  high  values  of  tare  drag  associated  with 
the  very  aerodynamically  "dirty"  Sailwing  IV  fuselage. 

Sailwing  VI  waa  also  constructed  for  testing  in  the  full 
scale  tunnel  during  the  same  program  (It  is  shown  pictorially 
in  Figure  7).  The  reasons  for  this  model  are  two-fold:  of 
first  consideration  was  the  interest  in  determining  the  lateral 
stability  characteristics  of  the  sailwing  alone  without  the  sub¬ 
stantial  influence  of  a  fuselage.  The  second  reason  for  Sailwing 
VI  was  to  obtain  performance  data  on  a  more  realistic  planfcrm 
and  a  much  more  simple  spar  configuration.  It  was  felt  that  the 
work  would  be  of  more  general  interest,  particularly  regarding 
future  applications  of  the  device,  if  an  aspect  iatio  6  wing 
were  tested  in  addition  to  the  high  aspect  ratio  wing  on  Sailwing 
V,  It  was  also  thought  that  a  simple  tubular  spar  with  a  lead¬ 
ing  edge  fairing  would  be  more  compatible  to  the  structural 
simplicity  of  the  concept  than  the  more  elaborate  and  costly 
tapered  D-epar  of  Sailwing  V.  Thus  Sailwlug  VI  was  designed  to 
hove  an  aspect  ratio  of  6  and  was  equipped  with  the  simple  spar. 

IX  MODELS 

A.  Saiiwing  V 

This  model  was  of  a  complete  airplane  and  was  evolved  from 
the  Sailwing  IV  flight  article  as  previously  described.  A  three 
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view  drawing  oi  t  in-  rult  l  shown  in  ligoiv  8.  'lite  longitudinal 
and  directional  .stability  and  control  inoturs  i;t  tlie  airplane 
were  completely  conventional  as  will  be  noted  from  the  drawing. 

In  the  modifications  for  the  wind  tunnel  tests,  however,  the 
rudder  was  fixed  at  £r  «•  0°  aiul  the  gap  between  the  rudder  and 
fin  completely  sealed.  Lateral  control  was  achieved  by  wing 
warping  (i.e.  -  hinged  tips)  which  was,  during  the  wind  tunnel 
tests  remotely  accomplished  by  means  of  an  electric  actuator 
within  the  model.  A  similar  arrangement  was  used  to  operate 
the  elevators.  Pertinent  dimensions,  areas  and  other  significant 
aerodynamic  parameters  are  shown  tabulated  below.  In  addition. 
Figure  9  schematically  shows  the  spar  cross-section  and  major 
dimensions  of  the  mean  aerodynamic  chord. 

Sailwing  V  -  Physical  Characteristics 

Fuselage :  Conventional  steel  tube,  fabric  covered  except  for 

the  nose  fairing  which  is  rigid  poly ura thane ,  fabric 
covered  -  length  =  19.29  ft.  including  rudder. 

Fin  and  Rudder :  Steel  tube,  fabric  covered  "slab  type"  surfaces. 

Stabilizer  and  Elevators:  Construction  same  as  fin  and  rudder  ^ 
range  ■=  +  30°. 

Wing ;  Princeton  Sailwing  type  -  single  D-spat  leading  edge 

drooped  8°  -  rigid,  hinged  tips  -  wire  cable  trailing 
edge  -  sail  material  4.2  os.  Dacron  sailcloth  with  no 
additional  treatment  except  paint  stripes  on  starboard 
wing  -  span  30.3  ft.  -  root  chord  4.73  ft.  -  tip  chord 
1.88  ft,  -  taper  ratio  •»  0.4  -  area  «®  81  fl^  -  aspect 
ratio  *  11.5  -  section  thickness  @  mac  »  16.57.  mac.  - 
mac  ■  2.66  ft.  -  wing  warping  through  +  6°  at  tip  - 
each  wing  traced  with  single  lift  strut  and  single  drag 
strut  aid  three  point  bridle  system. 
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B. 


Sailing  VT 


Tills  mode  1  »<j$s  o  'v  -lone"  uppu : ul ^  <=ii  wu  in  Figure  10, 
Tha  wing  dittc;  ;  t .  or  iho  used  on  the  t*  a:j.J  eirnltuio  model  in 
the  manner  previously  described  In  a  general  way.  Om  of  the 
differences,  the  apsr  design,  1 1,  shewn  in  Home  9  while  other 
pertinent  dimensions  «nJ  pd-.amett  is  att  tabulated  below: 


Snllwlllg  V  1  *  ni^ahvl  itiol  ot.  ,1.1  :  s  ,  1C" 

Wing:  Type  -  P  rlnceton  Sollwlng  -  single  tu'onlsi  rpai  with  lead¬ 
ing  edge  fairing  drooped  15°  -  rigid  tips  -  wire  cable 
trailing  edge  -  sail  material  4.2  oz.  Dacron  Sailcloth  with 
no  additional  treatment  except  paint  stripes  for  contour 
vfsualfzation  -  Span  -  23.30  ft.,  rout  chord  =  6.0  ft.,  tip 
chord  »  3.0  ft.,  taper  ratio  »  0.5,  area  «■  92  ft.  ,  aspect 
ratio  -  5.92,  section  thickness  0  mac  “  9.47,  mac  -  mac  ■ 
3.92  ft..,  each  wing  btaced  with  single  lift  strut  and 
single  drag  cable  and  fitted  with  a  two  point  bridle  system. 

Supporting  Frame:  This  structure  was  designed  to  attach  the  wing 
and  ita  external  rigging  to  the  three  point  wind  tunnel 
balance  system.  It  constats  of  tubular  aluminium  and 
steel  components  with  wire  rigging  for  stiffening  the  frame. 


I II  INSTRUMENTATION 

The  instnuiifcntatiou  for  the  tesla  consisted  of  the  wind 
tunnel  balance,  die  tunnel  "q"  manometer,  ba l omelet ,  hygrometer , 
strain  gauge  bridges  with  read  out  meters,  and  control  surface 
position  indicators]  the  latter  two  devices  wtie  employed  only 
on  Sailwing  V  tests. 

Force  measurements  were  accompl  tailed  h_.  recording  data  from 
seven  scales.  Four  of  the  scalea  were  used  to  meas"re  lift  force, 
two  to  measure  side  toice,  and  the  remaining  one  to  measure  drag 
force.  By  measuring  die  forces  in  this  manner  it  was  possible  to 
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obtdill  nl'lt  i;  ,  •  i  •  .  •  •.  I  *'l.  I  i*.,  '!  h:.!  scales  WPIC 

mass  balanced  n.  ...  r-  •  ••i  i  ug  dcii  >.•  vb'ch.  stamped  the  torce 

reading  onto  '  r  ih  '■'<  icadl  ,,gj  v  •  ■  •  taken  « t  each  teat 

point  and  then  averaged. 

Tunnel  "q"  was  men cored  using  a  probe  located  in  the  flow 
so  as  to  give  a  representative  reading;  this  probe  was  connected 
to  a  sensitive  inclined  m'.noi.-.ctcr .  r.cndingr.  core  recorded  by  hand 
for  each  scale  reading.  Also  pressure  f.cmpcrature,  and  humidity 
in  the  test  section  were  recorded  for  each  tunnel  "q"  using  a 
mercury  barometer  and  a  wet  and  dry  bulb  hygrometer.  Knowing 
these  properties  the  density  and  wind  speed  can  be  comouted. 

Strain  gauge  inot  mim 'it.al  ion  was  coaij  i.  sed  of  120  ohm, 

SR  -  4,  A  -  7,  Baldwin  Lima  Hamilton  paper  gauges  with  B-4  servo 
read-out  meters.  The  gauges  were  arranged  in  a  conventional 
wheatstone  bridge  with  all  gauges  matched  to  within  one  tenth  of 
an  ohm.  In  this  rouf igurat  ior.  the  bridge  is  temperature  compen¬ 
sated  thereby  eliminating  the  problem  of  thori.vi  1  drift. 

Two  types  of  bridges  were  employed,  one  with  all  four  gauges 
acting  as  active  strain  elements,  the  other  with  two  active 
elements  and  two  purely'  temperature  comnenj'. ting  elements.  Where 
the  strain  in  the  material  being  monitored  vas  a  bending  moment 
or  a  torsion,  the  former  bridge  was  attached,  and  the  latter  for 
a  tension  strain.  A  moment  caused  two  gauge-  in  the  bridge  to  be 
compressed  and  the  ocher  two  to  be  atteiched.  hot  ior  tension  two 
of  the  gauges  were  cemented  transverse  to  the  at  rein  bc  thr.t  they 
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would  it  u  l  ut  t*  i.  i  *i  '  ii-  u  -  i.  '■  i !:'  j li  in  b  i  •  j  1  1 1  yl  ug  • '  C  would  produce 
no  unbalance  in  the  LrJdg>-.  Vhete  c  ;  [>u:,r,  iblo  bridges  were 
designed  to  place  all  gauges  under  6t"cGS  to  increase  the  sensi¬ 
tivity  of  Che  system. 

All  the  moment  bridges  were  made  by  cementing  two  gauges 
to  one  side  of  the  beam  and  the  remaining  two  to  the  opposite 
aide.  The  torsion  bridge  was  made  by  cementing  two  gauges  on  the 
rod  at  a  five  degree  angle  to  centerline  and  the  other  two  at  a 
right  angle  to  the  first  two.  This  arrangement  places  all  four 
gauges  under  strain  when  there  is  toraion  on  the  rod  unbalancing 
the  bridge,  but  when  other  forces  are  applied  the  strains  produce 
no  unbalance.  Isolation  of  forces  was  designed  into  all  bridges 
so  that  data  reduction  would  be  as  simple  as  possible. 

The  B-4  servo  output  instrument  supplied  the  voltage  (lOv) 
to  the  bridge  and  presented  the  amount  oi  unbalanci?  on  a  dial 
with  a  servo  operated  pointer.  There  was  al  it  s  counter  associ- 
ated  with  the  dial;  the  f i rrt  three  digits  voce  road  from  the 
counter  and  the  last  from  the  dial.  One  cou.it  corresponded  to 
one  millivolt  of  unbalance;  this  information  :  r<  necessary  to  con¬ 
vert  readings  back  to  strain  knowing  the  strain  gcuge  factor. 
Calibration  was  used  to  convert  readings  to  c  rer.s. 

Control  surface  deflections  were  accompl  .  >.  he  by  me  a  in  of 
a  remote  control  pane  l  eo.'.i’i  ctcd  to  actuators  u  the  i-.r-eel. 
Ailerons  and  the  elevator  were  the  only  aurfacnr  dc  c  *.c  •:  i  rc . 

Linear  potentiometer;,  uevc  connected  i.o  the  ublm  s»;  a  rl  aileron 
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and  at  the  push  vod  id  il.c  tltvatot.  The  j  • «.  >  l  ■  i  vei.-ts  wtie 
supplied  by  a  ».  ceiii  j  tcJ  uuuici  and  coi.nct.ivd  i.  sensitive 

micro-ammeters  located  on  the  same  panel  as  the  actuate*  switches. 
Associated  with  the  uetcis  weie  potentlometei s  to  adjust  meter 
zero  and  sensitivity. 

Before  the  testa  all  bridges  and  control  b'irface  monitors 
were  calibrated.  The  tension  measuring  bridges  were  calibrated  by 
securing  one  end  and  hanging  wtights  onto  the  other.  The  lift 
and  drag  strut,  bridal  cable  trailing  edge  tension  anti  wing  root 
normal  force  bridges  were  calibrated  i  :i  this  manner.  Bending 
moment  bridges  to  measure  wii.g  root  drag  and  lift,  trailing  edge 
drag  and  lift,  aileron  hinge  moment,  and  wing  root  torsion  were 
calibrated  using  weights  as  before  and  measuring  the  moment  arm. 

The  spar  moment  bridges  were  calibrated  by  disconnecting  the 
struts,  suspending  the  spar  at  the  ends,  and  then  hanging  weights 
from  the  strut  fittings.  By  knowing  the  distances  and  weights 
the  moment  at  each  bridge  can  be  computed. 

All  calibration  data  were  plotted  to  obtain  the  relationship 
between  the  B  4  reading  and  the  force  or  moment.  These  data 
showed  the  relationship  to  be  linear  as  expected  and  also  to  have 
very  little  scatter.  Curves  were  also  plotted  for  the  control 
surface  deflections  using  a  propeller  protractor.  The  aileron 
curves  were  linear,  but  the  elevator  curve  was  not,  due  to  the 
attachment  of  the  potentlomenter .  The  data  for  all  three  curves 
were  repeatable. 
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1 V  TESTS 

The  wind  tunnel  tost  program  was  divided  lulo  two  major 
sections:  The  first  of  these  was  the  examination  of  the  complete 
airplane  (Sailwing  V,  aspect  ratio  11.5)  and  the  second  the  In¬ 
vestigation  of  a  wing  alone  (Sailwing  VI,  aspect  ratio  ■  5.92). 

The  philosophy  of  these  separate  approaches  was  evolved  by 
consideration  of  the  goals  of  the  program  which  were  first  and 
foremost  the  determination,  within  time  limitations,  of  the 
fundamental  characteristics  of  the  sailwing  itself.  Secondly 
the  characteristics  of  the  sailwing  when  mated  to  a  fuselage  end 
empenage  uniquely  suited  to  the  structural  requirements  of  the 
sailwing.  This  is  not  to  say  that  the  configuration  of  the  Sail¬ 
wing  V  airplane  is  necessarily  the  most  desirable  shape  for  the 
sailwing.  It  does  however,  offer  sufficient  fuselage  depth  for 
simple,  lightweight  external  bracing  and  the  tall  of  the  fuselage 
la  low  enough  relative  to  the  wing  for  effective  bridle  angles. 

Such  a  test  program  should  be  and  indeed  did  prove  to  be,  an 
excellent  educational  opportunity. 

Tests  of  both  models  continuously  occupied  the  wind  tunnel 
for  two  shifts  during  an  entire  week.  The  models  had  been  planned 
to  be  as  versatile  as  possible  so  that  only  a  minimum  of  "down  time" 
would  be  required  to  change  configurations  for  the  large  number  of 
test  runs  contemplated.  Fifteen  separate  tests  were  conducted, 
many  of  which  required  multiple  test  runs  -  in  some  cases  as 
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many  as  six  runs  per  test.. 


In  addition  many  calibration  a”d 


tare  value  runs  were  made.  The  range  of  vmiuLleb  Investigated 
are  listed  below: 


Angle  of  attack: 
Dynamic  Pressure: 
Sideslip  angles: 
Dihedral  angles: 
Aileron  angles: 
Elevator  angles: 

The  systematic  pursuit  of 

resulted  in  the  following  tests 


-1C°  to  +20° 

1.66  to  10. 03  lba/f'." 

-5°  ,  0°  ,  +5° 

0°  and  +5° 

-8°  through  +8° 

0°  and  +20° 

the  affect  of  these  variables 


A.  Aerodynamic  Testa 


Sallwlrg  V 

Teat  No.  1.  Effect  of  Reynolds  number  on  the  Longitudinal 
Characteristics  of  the  airplane.  (Figure  11) 

2.  Effect  of  Elevator  Deflections  of  the  Longitudinal 
Characteristics  of  the  airplane  (Including  hori¬ 
zontal  tail  removed).  (Figure  12) 

3.  Effect  of  Bridle  Wires  on  the  Longitudinal  Charac¬ 
teristics  of  the  Airplane.  (Figure  13) 


4. 


/ 


Longitudinal  Characteristics  of  the  Fuselage. 
(Figure  14) 


5.  Effect  of  Sideslip  on  the  Basic  Airplane  Configura¬ 
tion.  (Figure  15) 

6.  Effect  of  Dynamic  Pressure  on  Lateral  Character¬ 
istics  with  Ailerons  Deflected.  (Figure  16) 

7.  Effect  of  Sideslip  on  the  Lateral  Characteristics 

of  the  Airplane  with  Ailerons  Deflected.  (Figure  17) 


8.  Aileron  Effectiveness  on  the  Lateral  Characteristics 
of  the  airplane  at  several  angles  of  attack.  (Figure 
18) 

Sailwing  VI 

Teat  No.  1.  Effect  of  dynamic  pressure  and  sideslip  on  the  charac¬ 
teristic*  of  the  Wing  with  5°  Dihedral.  (Figure  19) 


l 

l 
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2.  Effect  of  Dynamic  Pleasure  oi'  L fi c  lateral  Charac¬ 
teristics  of  the  Wing  with  Sideslip  for  5°  Dihedral. 
(Figure  20) 

3.  Effect  of  R.N.  on  the  Longitudinal  Charac ter iotlca 
of  the  Wing  with  0°  Dihedral.  (Figure  21) 

4.  Effect  of  Sideslip  on  the  Characteristics  o(  the 
Wing  with  0°  Dihedral.  (Figure  22) 

3.  Effect  cf  dlhsdisl  on  the  Characte  iatica  of  the 
Wing  for  ^  •  0°.  (Figure  23) 

6.  Effect  of  Dihedral  on  the  Characteristics  or  the 

Wing  for  {  ■  -*°.  (Figure  ?4) 

7.  Fffect  of  Dihedral  on  the  Characteristics  of  the 

Wing  for  ?  -  5°.  'Figure  25) 

It  is  considered  to  be  of  substantial  Importance  to  point 
out  that  early  in  the  Sailwing  VI  teat  program  ap  improperly 
designed  fitting  on  the  drag  cable  partially  r  -lied  (at  the 
highest  test  velocity)  which  resulted  in  greatly  diminished  pre¬ 
loads  which  had  been  rigged  into  the  wing.  Proper  cable  tensions 
in  the  Initial  rigging  stage  are  necessary  to  ach leva  the  maximum 
performance  of  the  Sailwing.  By  the  timn  that  it  was  discovered 
that  this  mls-hap  had  occurred,  considerable  testing  had  already 
been  accomplished.  The  failure  was  remedied,  however,  and  some 
of  the  best  sailwing  test  data  was  obtained  subsequent  to  the 
"fix".  The  behavior  of  the  wing  during  the  period  where  rigging 
tension  had  been  lost  is  discussed  fully  In  a  following  section 
and  all  the  plots  affected  by  this  condition  are  clearly  identi¬ 
fied  in  the  Figure  st ;tion  of  this  report. 

B.  Structural  Tests 

All  structural  tests  were  confined  to  the  complete  airplane 
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(Sallying  V)  since  it  w«s  the  only  one  of  the  tvo  models  instru¬ 
mented  vlth  strategically  placed  strain  gage  bridges.  These 
testa  were  nade  to  check  the  internal  loadings  araimcd  to  exist 
in  the  sai  lving  and  its  rigging  and  to  provide  a  Lasts  .‘or  future 
sallying  structural  design. 

The  fol lowing  tests  were  systematically  run  in  parallel  vlth 
the  aerodynamic  teats: 

1.  Drag  strut  tensions  as  a  function  of  ft  ,  o  and  ? 

2.  Lift  strut  tensions  as  a  function  of  <*  »  ^  and  9 

3.  Fort  wing  bending  momenta  (four  dlccreet  points)  as  a 

function  of  a  ,  <1  anJ  $ 

4.  Trailing  edge  cable  tensions  as  a  function  of  <* 

1  ,  «nd  $ 

5.  Trailing  edge  cable  root  angles  as  a  function  of  <X  , 

i,  *nd  ^ 

o.  Aileron  (wing  varplng)  hinge  moments  as  a  function 
of  ot  ,  q_  ,  f  and 

7.  Spar  root  lift,  drag,  pitching  moment  and  side  force 
as  a  function  of  a  ,  «j  ,  $  and 

A  map  of  the  exact  location  of  each  strain  gage  bridge 
appears  in  the  Figure  section  and  the  structural  tests  ere 
discussed  in  detail  in  the  next  section. 

_V  TEST  RESULTS 
A.  Aerodynamic  Results 

The  results  of  the  serlea  of  aerodynamic  testa  with  Sailwing 
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V  are  shown  in  graphical  form  in  Figures  11  Chrough  18  while  those 
for  Sailwing  VI  are  presented  in  Figures  19  through  25.  In  the 
latter  group  of  figures  notations  have  been  made  to  each  of  the 
curves  affected  by  the  loss  in  cable  tension  discussed  in  the 
preceding  section.  These  notations  are  the  only  changes  made  in 
the  data  as  received  from  NASA  and  are  exclusively  confined  to 
those  tests  of  the  5°  dihedral  angle  configuration. 

B.  Structural  Teat  Results 

In  addition  to  determining  the  aerodynamic  characteristic* 
of  the  sailwing,  the  tests  revealed  some  of  the  more  Important 
structual  characteristics  that  must  be  considered  in  the  design, 
data  from  the  teats  were  first  reduced  to  coefficient  form  using 
tunnel  "q'*  »  model  wing  area,  and  mean  chord.  All  data  were  then 
plotted  using  angle  of  attack  as  the  independent  variable  and  "q" 
aa  a  parameter.  To  further  discuss  the  results  of  the  testing, 
the  data  are  presented  for  each  member  oi  the  wing  separately. 

The  locations  of  the  indivldisl  strain  gage  bridges  are  shown  in 
Figure  8. 

Drag  Str  ;t: 

Because  of  a  malfunction  in  either  the  indicator  or  toe 
bridge  Itself  considerable  scatter  appears  in  the  drag  Btr\t  data  - 
enough  uo  that  the  results  were  not  dircct’y  useable.  Drag  strut 
loadings  can,  however,  be  extrapolated  from  the  other  bridge 
data.  These  data  are  shown  in  Figure  26.  A  careful  analysis  of 
data  and  atrut  locations  indicates  that  icr  very  large  negative 
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angles  of  attack  the  force  in  the  drag  strut  would  be  tension  as 
it  is  for  positive  angle3  of  attack.  This  change  from  tension 
to  compression  back  to  tension  is  a  function  of  the  lift  strut 
angle  which  can  be  positioned  so  that  tha  forca  in  the  drag  strut 
is  always  tension  for  normal  operation.  If  the  dreg  strut  were 
replaced  by  a  cable  which  cannot  support  compression  then  the 
trailing  edge  wire  would  have  to  support  the  loads  where  a  strut 
would  be  in  compression. 

Lift  Strut: 

Tension  loads  in  the  lift  struts  exist  throughout  most  of 
the  positive  lift  region.  Near  zero  lift  the  loads  become  com* 
pressive  due  to  the  drag  strut.  At  the  spar  location  selected 
for  the  strut  connections  the  maximum  lift  strut  tension  co¬ 
efficient  was  slightly  over  0.5  for  the  two  "q's"  plotted 
(Figure  27).  This  member  limits  the  negative  loads  that  the  wing 
is  capable  of  sustaining;  if  a  greater  negative  load  were  desired 
a  strut  of  lower  slenderness  ratio  would  be  required. 

Bridle : 

The  bridle  makes  it  possible  to  reduce  trailing  edge  wire 
tension  while  maintaining  high  chord-wise  tension.  As  a  result, 
the  bridle  tensions  are  greatly  affected  by  both  loading  and  the 
number  of  wires.  Due  to  a  strain  gage  bridge  malfunction  on  one 
bridle  cable  data  on  only  the  center  and  inboard  segments  are 
available.  Data  from  two  vires  are  plotted  in  Figures  28  And  29. 
Figure  28  shows  the  tendon  coefficient  as  function  of  angle 
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of  attack  for  the  inside  bridle  while  Figure  29  shows  the  tension 
coefficient  for  the  center  bridle  with  all  three  wires  connected 
and  also  with  only  the  center  one  connected.  As  can  be  seen  from 
Figure  29,  with  only  one  bridle  the  tension  in  that  wire  is  much 
higher  than  with  all  three  since  the  one  wire  must  support  the 
entire  load. 

From  the  plots  it  will  also  be  noted  that  the  inboard  bridle 
sustains  higher  tensions  than  the  center  bridle  because  the  lift 
is  greater  toward  the  wing  root.  It  will  further  be  noted  that 
these  two  wires  maintain  approximately  the  same  ratio  of  tensions 
throughout  the  angle  of  attack  range.  This  would  tend  to  indicate 
that  the  lift  distribution  across  the  span  remains  the  same  and 
changes  only  in  magnitude  even  through  maximum  lift  coefficient. 

Also  the  regions  between  -4°  and  +4C  on  the  plots  are  nearly 
linear  which  coincides  with  the  linear  region  of  the  lift  curve; 
an  indication  that  the  bridle  tension  is  dependent  on  lift  co¬ 
efficient  and  again  that  the  lift  distribution  does  not  charge. 

Aileton  Hinge: 

Figures  30,  31  and  32  show  the  aileron  hinge  moment  coeffi¬ 
cient  variations  as  functions  of  angle  of  attack,  aileron  deflection, 
and  dynamic  pressure.  A  static  plot  of  hinge  moment  versus 
deflection  angle  (Figure  33)  shows  the  hysteresis  moment  due  to 
sliding  the  sail  cloth  across  the  spar.  The  hinge  or.  the  aileron 
is  arranged  to  that  there  is  viitually  no  tendency  for  the  trail¬ 
ing  wire  to  be  stretched,  thus  reducing  the  static  forces  con¬ 
siderably. 
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From  Figure  3z  It  can  be  seen  that  there  1*5  c  change  in  the 
moment  coefficient  due  to  dynamic  pressure.  A  reasonable  ex¬ 
planation  la  that  at  high  speeds  the  camber  of  the  wing  lncreaaea 
slightly  tending  to  produce  a  higher  lift  coefficient  at  high 
speeds  than  at  low  speeds  for  tne  same  angle  of  attack.  With 
right  stick  (left  aileron  at  a  high  angle  of  attack)  the  hinge 
moment  is  greater  than  with  left  stick;  this  would  tend  to  confirm 
the  effect  due  to  speed.  On  one  curve  the  left  stick  coefficients 
are  higher  than  these  for  the  right  stick.  This  ia  probably  due 
to  a  zero  shift  after  the  test  began.  The  shift  most  likely 
occurred  when  the  sail  oriented  itself  on  the  spar. 

In  general  all  the  hinge  moment  coefficients  were  small, 
meaning  light  control  forces.  These  small  forces  mean  also  that 
the  wing  tip  structure  can  be  made  from  light  materials  and  still 
be  adequately  strong. 

Spar  Moment : 

Data  from  the  four  spar  bridges  are  presented  in  Figures  34 
through  38  as  functions  of  angle  of  attack  and  station.  Plots  of 
the  actual  moment  along  the  span  are  shown  with  the  theoretical 
moment  for  an  elliptical  lift  distribution  assuming  various 
percentages  of  the  total  lift  to  be  carried  by  the  spars.  The 
slope  of  the  curve  at  the  origin  was  obtained  from  the  root  lift 
bridge;  and  the  slope  at  the  tip  from  the  hinge  moment  bridge. 

As  can  be  aeeu,  the  experimental  curve  compares  favorably  with 
the  theoretical  one  which  helps  to  explain  the  very  high  lift  to 


drag  ratios  and  the  close  resemblance  to  hard  wing  performance. 

From  these  results  it  is  evident  that  a  majority  of  the  lift 
is  carried  by  the  spar.  The  spar  is  structurally  a  better  member 
to  carry  high  loads  than  the  trailing  wire  since  large  forces  In 
the  latter  member  would  mean  that  the  tip  structure  would  have  to 
be  built  stronger. 

Root  Forces : 

Root  lift,  drag,  compression,  and  torsion  forces  are  plotted 
versus  angle  of  attack  in  Figures  39,  40,  41,  42  and  43.  The 
highest  force  at  the  root  was  due  to  compression.  This  was  caused 
by  the  lift  and  drag  struts  mainly,  Bince  the  trailing  wire  tension 
did  not  change  much,  as  will  be  seen  later.  The  lift  and  drag 
forces  remain  small,  largely  because  of  the  location  of  the  struts 
near  the  center  of  lift.  If  the  struts  were  moved  Inward  the  com¬ 
pression  force  would  be  reduced  but  the  lift  and  drag  forces  would 
be  increased.  The  root  fitting  must  be  designed  to  match  the  strut 
location. 

The  plots  of  torsion  versus  angle  of  attack  and  lift  co¬ 
efficient  (Figures  42  and  43)  show  that  the  torsion  moment  is  small 
throughout  the  range.  In  general  for  the  configuration  tested  the 
principle  load  in  the  root  fitting  is  from  compression  in  the  spar. 

Trailing  Wire; 

Data  shown  in  Figures  44,  45  and  46  are  for  the  trailing  wire. 
Throughout  the  tests  the  tension  changes  remained  less  than  the 
pre-set  force  of  about  160  pounds.  The  bridles  helped  considerably 


to  reduce  the  tension  with  one  bridle  reducing  the  change  to  leaa 
than  half  of  that  with  no  bridles.  The  X  and  Z  components  of  the 
trailing  wire  force  were  very  small  indicating  that  the  angle 
that  the  trailing  wire  makes  with  the  root  did  not  change  store 
than  a  few  degrees,  and  that  very  little  of  the  lift  and  drag  la 
transmitted  through  the  trailing  wire  root  fitting. 

VI  AERODYNAMIC  ANALYSIS 

The  particular  feature  of  the  Sailwing  responsible  for  its 
unique  aerodynamic  characteristics  lies  in  the  use  of  a  flexible 
member  for  the  lifting  surface.  A  major  result  of  the  tests 
performed  is  the  ability  to  examine  the  extent  of  this  Influence 
on  the  aerodynamics  of  the  Sailwing.  The  Hating  in  the  previoua 
section  describing  the  various  tests  undertaken  in  the  wind  tunnel 
and  the  corresponding  figures  of  basic  lift,  drag,  pitching  moment 
and  lateral  directional  characteristics  Indicate  Borne  of  the 
Important  features  of  the  device.  In  this  section  these  deta  will 
be  analysed  for  additional  facts  in  order  to  reveal  other  pertinent 
points. 

For  each  model  tested,  the  analysis  will  be  roughly  divided 
into  three  areas,  first;  consideration  of  basic  performance 
characteristics,  second;  longitudinal  stability  and  control,  and 
third;  lateral  stability.  In  each  case  it  may  be  necessary  to 
point  out  effects  which  were  only  the  result  of  the  accelerated 
testing  program  and  would  not  have  existed  had  more  time  been 
available. 
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A.  Performance  Data 


1.  Sailwing  V 

Hie  aerodj  unlc  characteristics  of  the  Sailwing  are  directly 
related  to  the  deformation  of  the  lifting  surface  which  itself  le 
the  result  of  both  external  aerodynamic  loads  and  the  Internal 
stress  system. 

For  a  rigid  subsonic  aircraft,  and  a  given  propulsion  system, 
the  performance  can  be  completely  determined  from  a  unique  re¬ 
lationship  of  lift  and  drag  comaonly  presented  in  the  form  of  a 
drag  polar.  Normally  this  can  be  closely  approximated  by  a 
parabolic  variation  in  drag  with  lift.  The  defining  properties  of 
this  curve  are  the  zero  lift  drag  coefficient  and  the  span  effici¬ 
ency  factor,  e.  Due  to  the  flexible  nature  of  the  Sailwing,  such 
a  simple  relationship  does  not  exist  and  lift  and  drag  coefficients 
become  functions  of  the  dynamic  pressure.  One  of  the  results  of 
the  present  tests  however,  indicates  that  the  variation  of  aero¬ 
dynamic  coefficients  with  dynamic  pressure  for  the  speeds  tested 
and  the  rigging  tesnions  used  is  small  and  In  some  cases  negligible. 

For  complete  accuracy  in  the  use  of  data  dependent  on  dynamic 
pressure  this  effect  should  be  taken  into  sccount  for  consideration 
of  standard  aerodynamic  characteristics.  Lift  to  drag  curves 
versus  angle  of  attack  and  static  stability  characteristics  for 
rigid  aircraft  are  primarily  used  for  level  flight  conditions, 
l.e.  one  g  flight.  This  would  be  accomplished  with  the  Sailwing 
data  by  plotting  coefficient  data  for  constant  values  of  dynamic 


pressure  tines  lift  coefficient.  Since,  as  mentioned,  these 
variations  are  small,  no  benefit  was  to  be  obtained  by  such  addi¬ 
tional  calculations  for  the  purpose  of  carrying  out  the  fol loving 
analysis. 

An  attempt  was  made  to  determine  the  span  efficiency  factor, e, 
for  the  complete  airplane.  A  linearized  polar  is  presented  in 
Figure  47  for  the  complete  airplane  at  q,  ■  3.26.  Since  no  linear 
portion  existed  an  e  could  not  be  computed.  However  when  the 
large  tail  and  fuselage  contributions  were  subtracted  a  roughly 
linear  curve  resulted.  The  corresponding  span  efficiency  was 
approximately  1.3.  Although  this  would  be  impossibly  high  for  a 
conventional  wing  it  can  be  partially  explained  by  the  high 
camber  of  the  aallvlng  and  the  r<  lultant  high  section  profile 
drag  at  zero  lift.  As  the  lift  coefficient  increases  and  the 
airfoil  assumes  a  more  Ideal  contour  the  drag  is  seen  to  decrease 
to  a  mlnimuu  near  a  relatively  high  lift  coefficient  of  .53. 

Thus  the  reduction  of  profile  drag  partially  compensates  for  the 
increasing  induced  drag  resulting  in  an  artifically  high  value 
of  e  .  If  an  Ideal  Induced  drag  (  e  *  1.0)  is  subtracted  from 
the  wing  drag  a  rough  estimate  of  the  minimum  profile  drag  of  the 
wing  can  be  obtained.  This  value  turns  out  to  be  approximately 
Cdp  min  “  0.009  occurring  at  ■  1.15.  Since,  for  highly  cambered 
wings  in  general,  and  Sailwings  in  particular,  the  linearized 
drag  polar  Is  not  linear  for  a  large  range  of  lift  coef ficieuts 
and  the  minimum  drag  and  drag  at  zero  lift  arc  quite  different. 
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the  concept  of  spanwisp  efficiency  does  not  appear  to  he  useful. 

For  this  reason  and  also  the  fact  that  the  horizontal  stabilizer 
drag  contribution  is  difficult  to  separate  from  the  total  drag, 
values  of  e  for  the  other  q's  and  the  bridle  off  configuration 
were  not  evaluated. 

Probably  the  moat  Important  performance  parameter  for  sub¬ 
sonic  aircraft  la  the  lift  to  drag  ratio.  In  Figure  48,  the 
values  of  L/D  max  for  the  various  q's  tested  are  plotted.  This 
variation  of  L/D  max  does  not  appear  to  reveal  any  major  trends, 
the  maximum  deviation  being  approximately  1%  from  the  average. 

A  brief  look  at  the  effect  of  the  bridle  on  the  wing  aero¬ 
dynamics  was  had  by  removing  it  in  two  steps  at  a  single  value 
of  q  .  Although  other  parameters  were  more  significantly 
affected,  it  appears  that  the  reduction  In  L/D  max  using  a  single 
point  bridle  as  opposed  to  a  three  point  type  is  not  large.  How¬ 
ever,  for  the  bridle  off  configuration,  the  degradation  of  the 
wing  contour  produced  a  more  serious  decrease  even  though  only 
about  107..  On  this  basis  it  may  possibly  be  concluded  that  a 
one  or  two  point  bridle  represents  the  best  tradeoff  between 
performance  and  simplicity. 

Another  important  characteristic  investigated  was  the  maximum 
lift  capability  of  the  sailwing.  Figure  49  shews  the  variation  of 
Cl  max  with  q  for  Sailwing  V.  Here  it  is  seen  that  s  uniform 
increase  of  Cl  max  eslsts  with  an  increase  in  q  ,  amounting  to 
about  10%  over  the  range  tested.  As  would  be  expected  from  previous 
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Sallvlng  experience  the  bridle  oil  configurations  produced  a 
similar  increase  in  Cf,  max. 

2.  Sa living  VI 

An  attempt  was  made  to  evaluate  apan  efficlencea  for  Sa living 
VI  and  resulted  in  values  of  approximately  1.55  at  q'a  of  3.29 
and  6.86.  There  appears  to  be  no  adequate  explanation  for  these 
very  high  values  and  In  fact  at  higher  lift  coefflcienta  the  total 
wing  drag  is  considerably  less  than  the  ndnimian  Induced  drag  for 
an  elliptical  lift  distribution.  Because  of  this  and  since  NASA 
officials  emphasise  these  data  are  to  be  considered  preliminary, 
it  is  felt  that  the  high  values  of  L/D  for  Sallvlng  VI  are  overly 
optimistic  by  a  significant  amount.  Since  certain  other  charac¬ 
teristics  of  interest  are  not  dependent  on  absolute  values  of  the 
data,  but  rather  the  general  appearance  of  the  curves,  useful 
conclusions  therefore  can  be  dravn  from  Sallvlng  VI  testa.  In¬ 
cluded  in  Figure  48  are  the  values  of  L/D  max  for  the  range  of 
q's  tested.  It  is  seen  that  for  the  5°  dihedral  configuration 
a  large  reduction  in  L/D  occurs  with  q  but  the  0°  dihedral  con¬ 
figuration  is  unaffected.  The  discrepancy  hare  is  accounted  for 
in  the  description  of  the  Sallvlng  VI  tests  in  part  IV.  The 
slackening  of  the  rigging  cables  appears  to  have  progressed  unl- 
formally  with  increasing  dynamic  pressure.  Its  effects  are 
apparent  also  in  the  NASA  lift  and  moment  data.  The  angle  of 
attack  runs  were  begun  at  the  lowest  angle  of  attack  which  vaa 
then  increased  to  the  stall  angle.  At  the  higher  q's  where  rigging 
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tension  was  lost,  the  sail  was  markedly  under cambered  at  the 
start  of  the  run  and  reverted  to  the  normal  contour  only  at  a 
fairly  high  angle  of  attack. 

As  this  transition  occurred  rapidly,  usually  between  angle 
of  attack  changes,  it  Is  readily  apparent  in  the  lift  and,moment 
curves,  and  also  Accounts  for  the  lowered  values  of  L/D.  Since 
the  oall  rigging  was  considerably  improved  when  the  model  was 
modified  to  the  0°  dihedral  configuration  these  unusual  camber 
changea  did  not  occur  and  the  L/D  variation  with  q  is  not  signi¬ 
ficant  for  the  q  range  tested.  This  concurs  with  the  conclusion 
drawn  for  the  Sailwing  V  model. 

Comparing  maximum  lifL  coefficients  of  Sailwing  V  and  VI  in 
Figure  49  It  can  be  seen  that  the  lower  aspect  ratio  wing  is 
lower  by  approximately  3X.  Indeed,  considering  the  differences 
in  rigging  and  airfoil  shape,  this  close  agreement  would  not 
normally  be  expected.  The  scatter  in  the  data  for  Sailwing  VI 
la  partly  due  to  loss  of  rigging  tension  as  explained  previously. 
B.  Longitudinal  Stability 

1.  Sailwing  V 

Here  will  be  discussed  longitudinal  stability  characteristics 
of  Sailwing  V,  including  lift  curve  slopes  and  pitching  moment 
data  for  various  dynamic  pressures  and  the  three  bridle  configura¬ 
tions.  Special  consideration  will  also  be  given  to  qualitative 
discussion  of  various  interesting  results  revealed  by  the  tcstB. 

A  well  known  characteristic  of  Sailwing a  is  the  nonlinear 
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shape  of  the  lift  >.urve  and  lta  relatively  high  slope.  The 
values  given  In  Figure  *>0  were  computed  by  constructing  the  reason¬ 
able  tangent  to  the  lift  curve  in  the  low  angle  of  attack  region. 
The  variation  with  ynaraic  pressure  cannot  therefore  be  taken  an 
too  significant.  The  approximate  average  lift  curve  slope  is 
about  25X  higher  than  for  a  comparable  hard  wing  (Reference  6). 

The  explanation  for  this  effect  ia  that  the  lift  reduction  due  to 
local  angle  of  attack  reduction  is  more  than  compensated  for  by 
an  Increase  in  camber  in  that  region,  as  the  wing  surface  deforms 
under  load.  More  simply  stated  this  means  the  local  section  angle 
of  zero  lift  decreases  with  increasing  vtng  angle  of  attack.  As 
the  bridle  vaa  removed,  the  loss  of  its  stabilizing  effect  on  the 
wing  deformation  caused  the  lncreese  in  lift  curve  slope  also 
shown  in  Figure  50. 

It  must  be  remarked  that  lift  curves  in  Figure  11  of  the 
NASA  data  for  six  values  of  dynamic  pressure,  indicate  that  very 
consistent  results  can  be  expected  from  a  properly  rigged  Sailwing 
model.  This  was  not  entirely  foreseen  considering  the  flexible 
nature  of  Che  Sailwing’s  construction. 

Another  point  of  particulsr  interest  concerns  the  behavior 
of  the  lift  curve  in  the  region  of  zero  lift.  Apparently  the 
static  rigging  tensions  were  sufficient  to  preclude  any  sail 
vibration,  or  flutter  at  the  trailing  edge.  In  addition  no  abrupt 
camber  reversal  or  "luff'ng"  occurred  in  this  low  lift  region. 
Visual  observations  indicated  that  the  transition  from  positive 
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camber  to  aero  camber  at  aero  lift  was  gradual  and  occurred  over 
a  vide  i*ngla  of  attack  range.  Indeed ,  even  at  the  lowest  angle 
tested,  -10°  ,  the  camber  had  not  completely  reveraed.  With  the 
bridle  removed  huvfvir,  the  wing  aurfc.ce  waa  not  aa  veil  behaved, 
with  reverse  camber  occurring  et  the  low  anglea  of  attack,  and 
its  variations  becoming  more  pronounced.  Any  hysteresis  that  nay 
have  occurred  as  a  result  of  this  condition  was  nor  revealed  since 
all  runs  ve.e  made  while  angle  of  attack  was  increased. 

The  last  feature  to  be  noted  in  connection  with  the  lift 
curves  of  the  Sailwing  V  model  la  the  character  of  the  stall. 

For  all  q'a  teatad,  the  NASA  plots  show  excellent  behavior  and 
no  large  or  abrupt  loss  of  Lift  even  at  the  highest  angles  tested. 

Basic  static  stability  data  for  the  Sailwing  is  provided  by 
pitching  moment  curves  of  the  NASA  data.  Since  the  moment  refer¬ 
ence  point  and  horizontal  tall  alignment  were  arbitrary  these 
moments  do  not  indicate  absolute  trim  angles  of  attack  or  stability 
levels.  Fcr  a  rigid  airplane,  both  the  lift  and  pitching  moment 
curves  ere  linear  with  angle  of  attack  and  together  define  the 
neutral  point  of  the  airplane  configuration.  For  the  present 
tests  linear  approximations  to  the  moment  curves  were  constructed 
and  static  stability  levels  determined  as  given  in  Figure  51. 
Combined  with  the  linearized  estimates,  for  lift  curve  slope  neutral 
point  locations  for  the  range  of  dynamic  pressures  can  be  determin¬ 
ed.  These  are  given  in  Figure  52.  Due  to  the  nature  of  tne  cal¬ 
culation  these  values  can  be  regarded  as  only  estimates  and  appear 
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not  too  dependent  on  dynamic  pressure.  The  basic  *■ living  charac¬ 
teristic  brought  out  by  these  results  is  the  very  high  level  of 
static  stability,  or  .  The  tail  off  tests  indicate  a  con¬ 

tribution  to  the  neutral  point  location  of  41. 5%  of  the  mean  chord, 
compared  with  neutral  points  at  88X  with  tail  on.  This  indicates 
an  aerodynamic  center  location  at  46. 5X  of  the  mean  chord.  The 
mechanism  responsible  for  this  rearward  aerodynamic  center  loca¬ 
tion  is  the  camber  change  with  angle  of  attack.  Probably  the  most 
significant  result  of  the  pitching  moment  data  is  the  variation  in 

with  angle  of  attack,  especially  In  the  region  of  zero  lift 
coefficient.  At  this  point  the  effect  of  sail  camber  changes  would 
be  expected  to  be  lsrgest.  The  lack  of  any  large  changes  in  the 
moment  curves  show  the  sail  behavior  to  be  free  of  any  disturbing 
characteristics.  Since,  however,  the  pitching  moment  curves  are 
nonlinear,  the  center  of  gravity  position  of  a  complete  aircraft 
would  have  to  be  placed  such  that  positive  stability  existed  at 
all  angles  of  attack. 

Since  all  tests  with  the  Sailving  V  model  except  one  were 
made  including  the  horizontal  tail  Installed,  the  majority  of  data 
includes  the  pitching  moment  contribution  of  the  tall.  It  appears 
from  a  comparison  of  tall  on  and  tail  off  lift  curves  (at  q  »  3.28) 
that  the  tail  may  have  been  stalled  at  low  angles  of  attack.  Thin 
effect  would  explain  the  decrease  in  Cm  at  low  angles  of  attack 
exhibited  by  the  rounding  off  in  slope  of  the  pitching  moment 
curves  (Figure  11). 
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A  last  point  of  Interest  for  the  Sailwing  V  model  tests  is 
the  effect  of  bridle  removal  on  the  pitching  moment  curves.  No 
large  effect  is  uncovered  by  these  tests;  even  though  more  deforma¬ 
tion  was  indicated  by  the  lift  curves  and  by  visual  observations. 

2.  Sailwing  VI 

Many  of  the  above  remarks  will  also  apply  to  the  Sallwlng  VI 
model  tests,  though  the  scope  here  is  not  as  broad.  As  the  test 
schedule  was  set  up,  only  the  effect  of  dynamic  pressure  on  pitch¬ 
ing  moments  was  to  be  Investigated.  Since  the  tests  for  the  two 
dihedral  angles  were  made  for  differently  rigged  conditions  the 
effect  of  an  additional  variable  has  been  made  apparent.  Referred 
to  here  la  the  gredual  slackening  of  the  rigging  as  the  initial 
tests  progressed  upward  in  dynamic  pressure.  Re-rigging  was 
accomplished  when  the  dihedral  was  reduced  to  zero  degrees. 

Figure  19  includes  lift  curves  for  various  dynamic  pressures, 
the  deviations  at  higher  values  being  caused  by  camber  reverting 
to  its  normal  shape  as  a  result  of  progressive  slackening  In  the 
rigging.  Included  in  Figure  50  are  approximate  values  for  lift 
curve  slopes.  It  must  be  realized  that  they  are  representative 
only  -  due  to  the  nonlinear  nature  of  the  lift  curves.  At  the 
lower  dynamic  pressures  the  stall  is  somewhat  less  gentle  than 
for  Sailwing  V.  The  effect  of  re-rigging  the  model  for  the  zero 
degree  dihedral  configuration  improved  the  shape  of  the  lift  curves, 
evan  at  the  highest  q  .  Lift  curve  slopes  are  given  in  Figure  SO. 

Considerations  of  pitching  stability  will  be  inferred  only 


from  Che  NASA  data  plotted  in  Figures  19  and  21.  In  each  case 
(  r  ■  0°  ,  and  r  *5°)  there  are  angles  of  attack  for  which  the 
slope  of  the  pitching  moment  curve  is  zero  end  the  aerodynamic 
center  is  at  the  quarter  chord,  in  contrast  to  the  results  for 
Sailwing  V.  In  addition,  however,  at  low  angles  of  attack  there 
is  a  stable  portion  of  the  curve  indicating  aerodynamic  centers 
of  approximately  4 OX  and  45Z  respectively  for  the  poorly  rigged 
and  improved  conditions.  This  would  be  an  effective  neutral  polut 
shift  with  angle  of  attack  change. 

C.  Lateral  Stability  and  Control 

1.  Sailwing  V 

Figure  15  shows  lateral  directional  aerodynamics  of  the 
complete  Sailwing  airplane.  Since  side  forces  and  yawing  moments 
are  mainly  dependent  on  fuselage  and  vertical  tail  configurations 
this  analysis  will  concern  itself  primarily  with  roll  data.  This 
figure  Includes  roll  moment  data  for  the  complete  angle  of  attack 
range  for  two  sideslip  angles.  An  immediate  characteristic  is 
the  increased  data  scatter  compared  to  the  longitudinal  data  and 
the  roll  moment  variation  with  angle  of  attack  for  zero  sideslip. 
These  two  effects  must  be  explained  partly  because  of  inherent 
flexibility  of  the  sailwing,  and  also  unsymnetrical  static  rigging 
of  the  aircraft.  Although  the  dihedral  effect  is  of  a  stable 
sense  and  approximately  -  -0.004/deg  at  most,  it  is  not  pro¬ 

duced  entirely  by  the  wing  due  to  the  effect  of  the  fuselage. 

Figure  16  includes  the  effect  of  dynamic  pressure  and  angle 
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of  attack  on  roll  momenta  for  full  aileron  control  deflection. 

The  effect  of  dynamic  pressure  is  seen  to  be  small  and  random, 
but  there  exists  a  large  variation  with  angle  of  attack.  There 
are  two  possibilities  for  this  effect.  One  would  be  stalling 
of  the  wing  on  the  side  of  the  downward  deflected  aileron,  although 
It  would  be  expected  that  tils  effect  would  not  be  apparent  at  low 
angles  of  attack.  Rather  it  would  occur  more  abruptly  at  an  angle 
close  to  the  stall.  Another  possibility  is  flexibility  of  the 
wing  structure  and  aileron  rigging.  It  must  be  mentioned  that 
inaccuracies  in  the  aileron  hookup  and  its  associated  instrumenta¬ 
tion  did  not  allow  precise  determination  of  aileron  deflection 
and  aeroelastic  effects  during  the  tests.  This  somewhat  accounts 
for  unequal  aileron  deflections  and  asymmetries  of  the  data. 

Figure  17  shows  that  the  effects  of  aileron  deflection  and 
sideslip  combine  in  an  essentially  independent  manner.  In  other 
words,  the  data  of  Figures  15  and  16  taken  together  are  equiva¬ 
lent  to  Figure  17. 

Figure  18  is  a  plot  of  aileron  effectiveness  at  three  angles 
of  attack.  When  these  data  are  compared  to  those  of  Figure  16, 
it  is  seen  to  yield  higher  control  effectiveness  at  given  angles 
of  attack.  The  data  for  these  two  tests  were  obtained  in  two 
different  ways,  for  the  first,  the  ailerons  were  run  to  maximum 
deflection  and  not  varied  during  the  tests;  for  the  second. 

Figure  18,  the  ailerons  were  adjusted  continually  during  the  tests. 
The  difference  would  be  that  loss  of  effectiveness  in  the  second 
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case  would  only  be  the  result  of  spar  torsion  and  deflection  of 
the  aileron  beam  whereas  the  data  for  Figure  16  contains  the 
additional  effect  of  cable  stretch.  It  Is  not  possible  to  estimate 
these  effects  quantitatively  but  only  to  point  out  that  they  ezlat. 

An  estimate  of  the  slope  of  the  roll  tnxnent  curve  In  Figure 
18  yields  *  0.25/rad  where  ^  is  here  considered  the 

deflection  of  one  aileron.  An  estimate  of  roll  damping  (from 
Reference  7)  Is  C ^  *  0.53.  Combining  these  two  estimates 

for  an  aileron  deflection  of  8.15°  yields  for  the  non-dimensional 
roll  rate  parameter  pb/2v  e.  value  of  0.0735. 

For  all  the  data  thus  far  considered  the  adverse  aileron 
yaw  has  been  of  conventional  sign  l.e.,  positive. 

As  a  concluding  note  on  roll  performance  many  possibilities 
exists  for  improvement  on  the  existing  results.  Increasing  tot  il 
deflection  and  differential  rigging  would  improve  roll  performance 
in  general  and  also  at  higher  angles  of  attack.  In  addition  use 
'•wash-out"  would  provide  increased  control  at  higher  angles  of 
attack  and  even  through  stall,  for  an  aircraft  configuration 
similar  to  that  tested. 

Of  considerable  importance  for  a  piloted  aircraft  is  an 
estimate  of  pilot  control  forces.  The  longitudinal  axis  presents 
no  unusual  problems,  but  the  unique  wing  warping  control  system 
indicated  the  necessity  for  determining  control  forces.  The 
results  of  a  single  test  evaluation  are  shown  in  Figure  53  which 
includes  forces  corresponding  to  the  aileron  control  data  of 


Figure  18.  The  hinge  moment  results  show  that  their  low  level 
would  present  no  problea  for  pilot  control  and  are  in  fact 
predominantly  made  up  of  static  friction  in  the  control  system 
for  the  dynamic  pressure  tested. 

2.  Sailwing  VI 

No  analysis  of  the  lateral  data  for  the  Sailwing  VI  model 
will  be  undertaken,  for  reasons  Indicated  previously  concerning 
the  rigging  problems.  However,  Inspection  of  these  data  Indicates 
that  stable  dihedral  effect  exists  for  both  configuration  tested 
i.e.,  at  T"" “5°  and  V  “0°  although  in  the  latter  case  it  is 
nearly  negligible. 

VII  COMPARISON  OF  THE  SAILWING  TO  OTHER  WINGS 

Because  of  the  many  geometric  parameters  influencing  the 
aerodynamic  behavior  of  any  wing  it  is  most  difficult  to  draw 
valid  comparisons  between  one  wing  and  another,  and  even  more  so 
when  one  of  the  wings  is  highly  unconventional.  Since  the  Sail¬ 
wing  belongs  to  the  same  semi-rigid  wing  family  as  the  Flex-wing 
and  the  Parawing,  comparisons  with  these  devices  are  in  order. 

Also  to  provide  a  basis  for  a  more  absolute  evaluation  pertinent 
characteristics  of  conventional  ''  ^rd  wings"  are  of  interest. 

For  these  reasons  the  two  sailwings  tested  are  compared  with  full 
scale  wind  tunnel  results  of  the  Flexible  Wing  Manned  Test  Vehicle, 
conventional  wings  of  approximately  the  same  planform  as  the  sail- 
wings  and,  to  be  most  fair,  to  the  best  configuration  of  the 
cyllnderlcal  Paravlng  known  to  the  authors. 
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In  addition,  the  longitudinal  stability  characteristics  of 
the  Sailwing  airplane  are  compared  to  those  of  the  Navlon  airplane. 
The  Navlon  was  selected  because  of  the  lerge  amount  of  flight 
research  done  with  this  type  at  Princeton  University  and  becauee 
it  la  highly  respected  for  its  strong  longitudinal  stability. 
Comments  are  Included  comparing  the  lateral  control  characteristics 
of  the  Sellwing  with  those  normslly  accepted  as  adequate. 

A.  Lift  and  Drag  Comparisons 

The  results  of  full  scale  wind  tunnel  tests  of  the  Plexible 
Wing  Manned  Test  Vehicle  as  reported  in  Reference  8  is  the  basis 
for  the  comparisons  with  the  Sailwing  airplane  shown  in  Figure  54. 
There  are,  of  course,  great  differences  between  the  two  craft  - 
the  Sailwing  airplane  exhibiting  a  much  higher  life  curve  slope, 
a  substantially  higher  maximum  lift  coefficient  and  a  much  greater 
value  of  maximum  lift/drag  ratio  than  does  the  flexible  wing 
vehicle.  These  differences  are  partially  due  to  the  difference 
in  aspect  ratio  of  the  two  airplanes  and  partially  to  the  parasite 
drag  differences  of  the  tv o  configurations.  In  order  to  make  a 
more  valid  comparison  of  the  concepts  the  measured  fuselage  (and 
empennage)  characteristics  were  subtracted  from  those  of  the  total 
airplane  to  construct  the  curves  shown  in  Figure  55.  This  figure 
further  emphasizes  the  difference  In  the  lift/drag  characteristics 
of  the  two  wings.  While  it  would  not  be  normally  fair  to  compare 
two  wings  of  greatly  different  aspect  ratios  it  is  done  here 
because  the  two  concepts  are  many  times  considered  to  be  somewhat 
competitive . 
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Figures  56  and  57  offer  «  much  more  valid  Indication  of  the 
performance  potential  of  the  Sallvilng  In  comparison  to  that  of 
other  wings.  Figure  56  compares  the  wing-alone  characteristics 
of  Sellwing  V  with  those  of  a  polished  metal  conventional  wing 
as  reported  In  Reference  6.  This  conventional  wing  was  selected 
because  its  aspect  ratio,  taper  ratio  and  thickness  is  approxi¬ 
mately  similar  to  those  geometric  characteristics  of  Sallwlng  V. 

It  will  be  noted  that  the  maximum  values  of  the  lift/drag  ratios 
are  approximately  identical  and  that  the  sallwlng  exhibits  a 
somewhat  higher  value  of  maximum  lift  coefficient.  Also,  clearly 
evident,  is  the  characteristically  higher  lift  curve  slope  of  the 
sallwlng.  Beginning  at  +  1°  angle  of  attack,  however,  the  Sall¬ 
wlng  lift  curve  slope  constantly  diminishes  through  a  12°  range 
before  maximum  Cl  la  achieved.  The  possible  ramifications  of 
this  are  discussed  in  a  later  section. 

Figure  57  compares  the  Sallwlng  VI  wing  with  the  cylinderi- 
cal  Parawing  (Reference  9)  and  with  a  conventional  wing  of  similar 
geometry  (Reference  6).  In  this  comparison  all  three  wings  are 
of  approximately  the  same  aspect  ratio.  The  Sailwing  appears  to 
have  a  slightly  higher  lift  curve  slope  than  does  the  conventional 
wing.  The  Parawing  on  the  otherhand  has  a  much  lower  value  of 
initial  slope  of  the  lift  curve.  All  three  wings  have  nearly  the 
same  value  of  maximum  lift  coefficient  -  the  Parewing  being  only 
slightly  lower  than  the  other  two.  Insofar  as  the  maximum  values 
of  lift/drag  ratios  are  concerned  the  parawing  is  25X  less  than  the 
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conventional  wing  while  the  Ssllwing  appeals  to  he  u ppioxicna tely 
25'?.  greater  than  the  conventional  wing.  It  la  to  be  remembered, 
however,  that  the°.e  Sailwing  data  are,  at  the  present  time- 
considered  preliminary  by  NASA. 

B,  Longitudinal  Stability  Comparisons 

The  inherent  static  longitudinal  stability  characteristics 
of  the  Sailwing  are  compared  to  those  of  the  Nnvion  airplane  In 
Figure  58.  From  an  inspection  of  this  figure  it  is  seen  that 
the  Sailwing  V  airplane  is  somewhat  more  stable  than  the  Navlon 
Airplane  up  to  Cg  «*  1.0.  This  yields  a  stick  fixed  neutral 
point  of  657.  for  the  Sailwing  airplane  as  compared  to  55%  for  the 
Navlon.  Above  Cl  ■  1.0  the  Sailwing  craft  has  even  stronger 
positive  stability  characteristics  but  not  so  strong  as  to  require 
more  than  average  proportions  of  stabilizer  and  elevator  areas  Co 
trim  to  Cl  max.  This  has  been  proven  by  flight  tests  of  the 
Sailwing  IV  airplane  (Reference  5). 

Algo  shown  in  F i q  —  r c  5B  is  a  con.pnrlson  ot  the  Fluxibls  Wing 
Manned  Test  Vehicle  longitudinal  stability  about  its  meter  of 
gravity  with  those  characteristics  of  the  Sailwing  airplane  about 
its  center  of  gravity.  The  plots  indicate  the  same  strong  static 
stability  mentioned  above  tor  the  sa.lwing  airplane  and  in  the 
case  of  the  flexwing  an  essentially  neutral  stabllily  is  shown. 

It  will  be  noted  that  the  stability  curves  lor  the  Sallwtng 
airplane  appearing  in  Figure  58  are  linearized  in  a  manner  some¬ 
what  different  than  discussed  in  the  preceding  section.  This  has 
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been  dene  to  y  1  c  l  it  <«  imre  a'lni'ivaUv^  i  .  L  i  •  i‘-  1 . '  r  It  -n;j  l  ludlnal 

stability  characteristics  through  a  major  po.  ■  ion  n  ■'  Itn  ilight 
regime . 

C.  Lateral  Control  Comp&r le one 

In  order  to  compare  the  Sailwing  airplane  intern  l  contiol 
characteristics  lu  those  traditionally  at  copt .0- In  j  t-  wum  decided 
to  determine  the  maximum  achievable  value  of  yh/Zv  fov  Uic  Sailwing. 
Figure  18  shows  che  relationship  of  C ^  to  aileron  angle  ior 

several  values  of  angle  of  attack.  The  straight  dashed  line  shown 
in  this  figure  is  the  apptuximate  average  of  the  curves  for  (X.  -  0° 
and  DC  ••  4.9°  shifted  to  account  for  the  0  rolling  moment. 

This  residual  moment  wdu  undoubtly  caused  by  a  v-u-.-.v: trier  in  the 
rigging  of  the  system  and  it  appears  valid  to  ailm  r.u  Uy  pass  the 
approximate  average  curve  through  zero.  Since  the  ciaft  had  a 
total  aileron  angle  ot  16.3  degrees  (half  up  and  u’lf  down)  the 
extension  of  the  linear  average  curve  to  4  8.1';“  >.nd  l#:r  l.cs  the 
maximum  rolling  moment  coefficient  to  be  .039.  i: :  iol  <.ovl  ng  con¬ 
ventional  procedures  (outlined  in  Reference  !)  the  la  ^r-il  damping 
derivative  for  Sailwing  V  was  determined  to  be  0  and  the  result¬ 
ing  value  of  pb/i'v  for  full  aileron  deflection  to  tic  .t/'ij.  This 
la  slightly  in  excess  of  the  t  tac  1  t  ior.a  l  military  i-cq  ;1 1  rments  for 
cargo  type  aircraft  which  spccity  a  full  aileron  tb/2-  «,t  .07. 

Referring  again  to  Kig'ue  18  It  is  pi  luted  out  tbit  the  roll¬ 
ing  moment  coefficient  vcisuo  aileron  angle  curve  tut  i>;  -  14.6° 
was  not  considered  in  the  fairing  of  the  approximate  average  curve. 
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This  Is  because  ot  =  14. ('  is  bey.ud  1  i • . ■  ..(.ill  .inj.li  i-l  .Sailwing 
V.  It  is  believed  to  be  valid  to  assume  that  the  rolling  charac¬ 
teristics  as  deduced  above  can  be  nilnlauicd  up  to  near  the  stall 
before  deter lora t ' o:.  in  roll  control  occurs.  This  could  be 
accomplished  by  removing  some  of  the  excess  wash-in  rgged  into 
the  wing. 


VIII  COMMENTS  ON  THE  SAILWING 

This  report  has  been  written  to  be  as  fair  and  honest  an 
appraisal  of  the  Sailwing  as  is  possible.  To  do  so  it  has  been 
necessary  to  restrain  a  certain  amount  of  natural  enthusiasm 
over  a  well  rigged  Sailwing's  obvious  well  behaved  and  very 
efficient  characteristics.  While  continuing  to  recognize  the 
wisdom  of  cautious  optimism  it  is  deemed  fair  and  necessary  to 
emphasize  certain  sailwing  performance  and  stability  character¬ 
istics  that  are  of  major  importance  to  future  applications  of 
the  device.  These  are  listed  below: 

A.  Nature  of  the  Stall 

Over  the  many  years  of  testing  at  Princeton  University  there 
has  never  been  experienced  an  abrupt  sailwiug  stall  either  in  the 
wind  tunnel  or  in  free  flight.  The  test  results  reported  upon 
herein  confirm  and  define  these  results  to  a  remarkable  degree. 

The  gentleness  and  symmetry  of  this  maneuver  is  Indeed  a  dominant 
characteristic  of  the  wing  and  is  an  important  point  in  its  favor, 
particularly  in  the  hands  of  amateur  pilots. 
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B.  Lift  Curve  Slope  tn  Vicini  ty  nl  Sta  I  j_ 

As  the  stall  angle  is  approached  and  exceeded  there  is,  of 
course,  an  increase  in  drag  and  therefore  Lu  power  required  for 
level  flight.  However,  with  sufficient  power  available  (probably 
no  more  than  required  for  good  take-off  and  climb-out  capabilities) 
normal  flight  in  the  region  of  the  stall  seems  to  be  a  practicable 
maneuver.  Considering  the  very  gradual  diminianment  of  the  lift 
curve  slope  prior  to  the  stall,  and  the  gentleness  of  the  stall 
itself  If  this  angle  is  inadvertently  reached,  It  appears  that 
almost  any  gust  sensitivity  is  within  the  pilots  ability  to  select. 
Thus,  in  gusty  air  conditions  it  would  be.  only  necessary  to  alow 
the  airplane  to  achieve  the  desired  value  of  Cl  ^  for  smooth 
flight . 

C.  Longitudinal  Stability  Considerations 

Because  of  the  high  degree  of  longitudinal  stability  inherent 
in  the  Sailwing  concept  it  appears  there  is  only  a  minimal  require¬ 
ment  for  the  normal  stabilizer  on  the  airplane.  Because,  however, 
of  the  need  for  substantial  elevator  power  to  trim  to  the  highest 
attainable  lift  coefficient  It  is  suggested  that  a  controllable 
incidence  stabilizer  be  used  instead  of  a  conventional  stabilizer 
and  elevator  system. 

D.  Lift/Drag  Ratio 

From  the  data  presented  in  this  report  it  is  obvious  that  one 
of  the  most  outstanding  aerodynamic  characteristics  of  the  wing  is 
the  very  high  values  of  lift/drag  that  can  be  achieved.  While  even 
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the  "dirtiest"  of  aircraft  can  be  improved  wirii  a  gi ad  wing  it  is 
important  to  keep  in  mind  that  the  fullest  advantage  can  be  made 
of  the  Sailwing  by  mating  it  to  a  relatively  "clean  fuselage". 

This  does  not  mean  that  the  fuselage  must  be  sophisticated  In 
either  design  or  construction  but  it  does  suggest  that  reasonable 
attention  to  its  aerodynamic  shape  is  recommended  in  the  design 
stage. 

E.  Lateral  Control 

Both  flight  test  and  the  wind  tunnel  results  indicate  adequate 
lateral  control  by  means  of  wing  warping.  This  can  be  improved  by 
increasing  warping  angles,  reducing  "wash-in"  and  by  differential 
rigging.  Alternate  schemes  are  presently  being  studied  which 
would  take  advantage  of  the  effect  of  asymmetric  ram  air  inflation 
and  the  use  of  differential  bridle  tensions  as  lateral  control 
devices . 

F.  Flap  Effect  Possibilities 

The  bridle  system  used  on  Sailwing  V  while  to  a  significant 
extent  responsible  for  the  "good"  behavior  of  the  wing  limited 
Cl  max  to  approximately  1.5.  The  same  wing  used  on  the  Sailwing 
IV  airplane  produced  a  maximum  lift  coefficient  in  excess  of  2.0  - 
this  however  was  without  a  bridle  system.  Thus,  it  appears  that 
a  controllable  bridle  tension  device  would  simulate  the  effect  of 
flaps  in  increasing  maximum  lift  coefficient. 

G.  Behavior  of  Sailwing  Near  Zero  Lift 

One  of  the  most  important  results  of  the  wind  turn. el  results 
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reported  upon  herein  i  n  the  deinons  t  rn  t  ed  ability  of  lwf  np 

to  pass  through  zero  lift  without  displaying  any  discontinuity 
in  lift,  drag  or  pitching  moment.  This  indicates  that  the  design 
of  a  sailwing  airplane  can  be  accomplished  with  no  special  con¬ 
sideration  for  these  viral  characteristics  of  behavior. 

IX  CONCLUSIONS 

From  the  results  of  this  wind  tunnel  study  it  is  possible  to 
draw  e  series  of  Important  conclusions,  some  of  which  are  beyond 
the  original  hopes  of  the  Princeton  -  Fairchild  group: 

1.  Previous  findings  of  high  lift  curve  slopes  were  confirmed 
as  were  the  gradual  reduction  in  slope  prior  to  the  stall  and  the 
excellent  behavior  through  the  stall  range  of  angle  of  attack. 

2.  Values  of  Cl  mx  are  generally  equal  to  or  higher  than 
those  for  comparable  conventional  wings  and  higher  than  other 
flexible  wings. 

3.  Values  of  L/D  max  are  equal  to  or  higher  than  those  for 
conventional  wings  and  significantly  greater  than  those  values  for 
other  flexible  wings  of  the  same  aspect  ratio. 

4.  The  variation  of  the  significant  aerodynamic  parameters 
seems  largely  independent  of  dynamic  pressure  (at  least  for  the 
range  of  q's  tested). 


42 


5.  Repeatability  of  lest  results  is  excellent. 

6.  While  the  bridle  appears  necessary  to  achieve  performance 
equal  to  or  better  than  a  conventional  wing  -  the  lack  of  its  use 
causes  a  much  smaller  decrement  in  performance  than  had  been 
anticipated. 

7.  The  lift  curves  pass  without  discontinuity  or  other  adverse 
results  through  zero  lift  in  a  completely  acceptable  manner.  The 
same  statement  can  be  made  for  the  pitching  moment  curve. 

8.  A  properly  rigged  sailwing  displays  no  serious  flutter, 
luffing  or  other  sail  misbehavior  at  any  angle  of  attack  tested 
(  Oc  -10°  through  CL  =  +20°) 

9.  The  non-linear  portion  of  the  lift  curve  appears  to  be 
through  a  range  of  angles  great  enough  to  permit  normal,  flight 
in  gusty  weather.  This  is  possible  because  of  the  very  gradual 
reduction  in  slope  over  a  wide  range  of  angles  of  attack  and  s 
also  enhanced  by  the  excellent  stall  characteristics  if  that  angle 
should  be  inadvertently  exceeded. 

10.  The  Sailwing  appears  to  be  exceptionally  stable  longi¬ 
tudinally.  This  characteristic  would  seem  to  require  more 
elevator  power  but  less  stabilizer  than  normally  designed  into 
conventional  aircraft.  This  feature  also  permits  a  wider  range 
of  c.g.  travel  than  would  a  conventional  wing. 

11.  Lateral  control  by  means  of  wing  warping  seems  to  be 
an  acceptable  method.  Adequate  values  of  yb/2v  were  achieved 
and  these  seem  easily  improvable  by  greater  warp  angles,  less 
vash-in  and  by  differential  rigging. 
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Structural  loads  in  both  the  internal  and  external 
systems  appear  to  be  less  than  anticipated.  There  appears  to  be 
no  reason  why  a  full  cantilever  sailwing  would  not  only  be  aero- 
dynamically  efficient  but  structurally  so  as  well. 

13.  The  unusually  favorable  aerodynamic  results  of  Sail- 
wing  VI  indicate  that  the  very  simple  tubmar  spar  with  a  leading 
edge  fairing  is  a  highly  effective  method  of  designing  the  wing. 

In  fact,  the  results  are  such  as  to  lead  one  to  the  thought  that 
the  leading  edge  fairing  may  not  be  necessary  to  achieve  reason¬ 
ably  high  values  of  L/D. 

14.  So  far  as  has  been  experienced,  the  use  of  Dacron  Sail¬ 
cloth  seems  entirely  acceptable  as  far  as  aerodynamic  and  structural 
considerations  are  concerned.  Il  remains  to  be  seen,  however,  how 
the  material  will  age  under  tension,  sunlight  and  normal  uBeage. 

13.  Lateral  stability  for  the  case  of  zero  dihedral  angle 
appears  to  be  slightly  positive. 
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XI  FIGURES 

The  figures  presented  in  the  following  pages  are  of  both  NASA 
and  Princeton  University  origin.  Figures  6  and  7  are  official  NACA 
photographs.  Also  Figures  8,  10  and  11  through  25  are  NASA  supplied 
data  plots.  The  only  changes  made  to  the  NASA  figures  have  been  the 
addition  of  figure  numbers  to  fit  the  sequence  of  this  report  and 
the  clearly  identified  notations  added  by  the  Princeton  staff.  All 
other  figures  originated  at  Princeton  as  an  aid  in  interpretation 
and  analysis  of  the  wind  tunnel  results. 
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Figure  1  SCKQIATIC  REPRESENTATION  OF  THE  SAILWING 
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Figure  5  SAILWING  IV  *  SINGLE  PLACE  POWERED  RESEARCH  AIRPLANE 


NASA 


Figure  6  SAILWING  V  -  PULL  SOME  WIND  TUtr.rEL  MODEL 


Pigur*  8  Concluded  MAP  OP  STRAIN  CASE  SRrDOP  LOCATIONS  OK  SAHHING 


Figure  9  SCHEMATIC  REPRESENTATION  OF  SECTION  GEOMETRY  OF  SAILWINCS  V  AND  VI 
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Figure  12  {fftct  <*  etw«k>f  dtfledton  on  If*  lnnqrtjO<n»(  ctofttirldtcs  ot  lh<  iirpijnt 


(a)  Longitudinal  characteristics. 

15  Effect  o!  sideslip  on  basic  airplane  configuration,  q  »3. 29. 


-15  -10  -5  0  5  10  15  20 

a,  deg 


Figure  17  of  sideslip  on  the  lateral  characteristics  of  the  airplane  with 

ailerons  deflected.  63r  =-7.4°,  6a^  =*&9  .  Q-  3.27. 


Figure  20  Effect  of  dynamic  pressure  on  the  lateral  characteristics 
of  the  wing  with  sideslip  tor  !>  dihedral. 


Figure  2t  .  ^  nu^r  pn  the  longitudinal  characteristics  of  the  wing, 

with  0°  dihedral. 


(a>  Longitjdmal  characteristics. 

Figure  22  "fleet  Ot  sideslip  on  the  characteristics  of  the  wing  with  if  dihedral,  q  Sr  6.  Si 


(a)  longitudinal  characteristics. 

Figure  23  Effect  of  dihedral  on  the  characteristics  of  the  wing  (or  p  =  o°.  q*  6,77. 


a,  deg 

(b )  Lateral  characteristics. 


Figure  24  Concluded 
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Figure  56  COMPARISON  OF  SAILWING  V  (WING-ALONE)  WITH 
CONVENTIONAL  WING  OF  SIMILAR  GEOMETRY 
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Addendum  1 

FINAL  TECHNICAL  REPORT 

Sailwing  Wind  Tunnel  Test  Program 

ARPA  ORDER  No.  879 


Program  Code  No.  6620(23) 


INTRODUCTION 


The  results  and  conclusions  of  the  Sailwing  Wind  Tunnel 
Test  Program,  ARPA  Order  No.  879,  Program  Code  No.  6G20(23), 
are  presented  in  the  Final  Technical  Report,  R540A-002,  dated 
September  1966, 

This  document,  which  is  Addendum  No.  1  to  the  Final 
Technical  Report,  defines  the  follow-on  program  recommended 
by  the  Fairchild  Hiller  Corporation  to  advance  the  existing 
state  of  the  art  in  Sailwing  technology. 


RECOMMENDED  FOLLOW -O  '  PROGRAM 


*  In  attempting  to  determine  the  most  important  areas  for 

the  expenditure  of  effort  to  further  improve  and  refine  the 

A 

state  of  the  art  of  Sailwing  technology,  it  is  first  neces¬ 
sary  to  speculate  on  the  types  of  application  that  will  be 
made  of  the  device. 

For  example:  if  it  is  desired  to  apply  such  a  wing  to 
a  low  speed  drone,  no  future  research  and  only  minimal  develop¬ 
ment  need  be  done.  It  appears,  in  other  words,  to  be  immedi¬ 
ately  applicable. 

If  the  wing  is  to  be  employed  on  a  piloted  (and  particu- 
larly  a  passenger  carrying)  aircraft,  then  it  is  necessary  to 
first  gather  a  significant  amount  of  flight  test  information. 
This  would  be  more  in  the  nature  of  a  developmental  program. 
While  Princeton  Unlversity/Fairchil d  Hiller  research  Sailwing 
aircraft  have  made  more  than  tvo-hundred  manned  flights,  these 
were  practically  all  of  s  r urway-s fc Inn: ing  nature  and  only  very 
gentle  maneuvers  were  possible  due  t  •  the  proximity  ot  the 
ground.  One  of  the  fundamental  interests  that  prompted  the 

full  scale  wind  tunnel  study  was  the  possible  application  of 

r 

the  Sailwing  to  a  simple,  low-cost  passenger/carg type  air¬ 
craft.  For  such  an  application  it  is  highly  desirable  to 
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accumulate  significant  flight  test  time  with  the  Sailwing 
mounted  on  a  suitable  fuselage  -  either  one  adapted  from  an 
•xlstlng  airplane  or  one  dee  gned  particularly  tor  the  pn- 
pose.  These  tests  should  include  the  examination  of  the 
Sailwing  in  uaneuvers  such  as  spins  and  spin  recovery,  high 
angle  side  and  forward  slips,  and  the  general  behavior  of  the 
wing  in  gusty  air.  Tests  to  determine  the  behavior  of  the 
wing  if  rigging  tension  is  inadvertently  lost  (a a  occurred 
In  one  instance  during  the  wind  tunnel  tests)  should  also  be 
conducted.  It  appears  that  the  Sailwing  may  be  only  this  one 
step  away  from  such  an  application,  but  this  step  is  vltcl  to 
a  rational  approach  to  a  production  aircraft. 

For  more  sophisticated  and  unique  applications  such  as 
for  booster  recovery  systems  and  the  variable  geometry  manned 
reentry  vehicle,  conriderably  more  research  as  well  as  develop¬ 
ment  is  necessary.  To  name  only  the  obvious  gaps  in  existing 
technology,  areas  requiring  research  are:  examination  of  the 
Sailwing  behavior  under  values  of  dynamic  pressure  much  higher 
than  have  so  far  been  experienced,  materials  research,  in¬ 
flight  deployment  techniques,  configuration  studies  aimed  at 
eliminating  ell  external  rigging,  methods  of  longitudinal  con¬ 
trol  for  tailless  configurations  and  additional  lateral  control 
studies . 
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A  future  purely  research  effort,  one  that  is  most  prom¬ 
ising  insofar  as  performance  and  control  lnproveaent  is  con¬ 
cerned,  Is  tha  study  of  ram- air  Inflation  of  the  Sail wing. 
This  would.  In  effect,  provide  a  high  degree  of  camber  con¬ 
trol  and  should  improve  L/D  max  in  addition  tc  providing  the 
designer  with  a  wide  selection  of  lift  curve  slopes  and  maxi¬ 
mum  lift  coefficients.  A  very  Important  secondary  result 
would  be  the  asymmetric  control  of  camber  by  this  means  which 
should  yield  a  highly  effective  method  of  lateral  control. 
Exploratory  work  to  date  has  indicated  that  such  a  system 
is  within  relatively  easy  reach.  The  NASA  wind  tunnel  testa, 
oa  the  occasion  of  the  inadvertent  loss  lu  rigging  tension  of 
Sailwing  VI,  also  resulted  in  data  promising  to  this  concept. 


In  summary,  based  upon  a  deep  conviction  originating 
from  flight  research  results  and  nurtured  by  the  recent  wind 
tunnel  test  findings,  it  is  felt  the  Sallwiog  will  become  a 
vital  pare  of  future  aeronautical  art.  Its  exploitation  and 
introduction  into  the  work-a-day  world  should  be  as  rapid  as 
►  possible  but  consistent  with  logical  step-by-step  processes 

aimed  at  the  most  reasonable  applications  first.  As  the  art 
|  continues  to  progrean,  the  more  sophisticated  applications 

will  probably  occur  in  the  manner  mentioned  above  slr.ee  basic 
^  aeronautical  requirements  to  some  extent,  seam  to  be  invariant 

with  time. 
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It  Is,  therefore,  suggested  that  the  two  most  important 
next  objectives  of  the  Sailwing  Program  should  be: 

1.  The  professional  adaptation  of  a  Sailwing  to  an 
existing  professionally  constructed  airframe; 
the  resultant  product  to  be  a  truly  flight  test 
Sailwing  Vehicle.  This  craft  should  be  exten¬ 
sively  tested  and  developed  by  the  contractor, 

to  be  followed  by  a  complete  military  flight  test 
program  suitable  to  the  desired  nature  of  the 
vehicle. 

2.  The  continuation  of  basic  research  examining  the 
performance  and  control  gains  associated  with  the 
use  of  controlled  ram-air  Inflation  of  the  Saiivlng. 

The  pursuit  of  the  first  of  these  two  objectives  is  con¬ 
sidered  to  be  vital  to  the  future  of  Sailwings.  The  second 
objective  should  also  be  pursued  since  the  substantial  im¬ 
provements  in  performance  and  control  that  could  result  could 
only  benefit  the  concept  and  could  occur  in  a  relatively  short- 
time  period. 
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